The travel times and amplitude spectrums of first-and later-arrival P phases from the Salmon event are computed on the basis of polarization filter outputs. The interpretation of the P wave radiation field is made in terms of crust and mantle structure using the first-and later-arrival P phases and their amplitude spectrums. The observed seismic field corresponds with that expected from a symmetric, purely compressire source. The essential features of the observed travel times and amplitudes are explained in terms of regional mantle structures.
INTRODUCTION
The study to be described was primarily an attempt to use first-and later-arrival P phase travel times and amplitude measurements to obtain basic source and path information. The study is confined to a particular event, but the methods and computational programs to be described are applicable to general seismological studies.
Some general observations concerning the
Salmon event and the associated seismic field can be made from a preliminary analysis of the signal from this event. In particular, fundamental-mode Rayleigh waves were identified at 21 stations, in the period range 8 to 40 see, out to about 250.0 km. Higher-mode Rayleigh waves were observed to distances of 3000' km on the continent and at nearly every operative LRSM station. P phases were detected at all but one or two continental LRSM stations and at La Paz, Bolivia, at a distance of 5704 km. The longperiod Rayleigh wave excitation was not great, as might be expected, and the signal-to-noise ratio was generally quite low, except at the closest pair of stations. In addition, the occurrenee of an earthquake in Mexico either corn- In simplified terms, these filters are designed to pass motion that is rectilinear and to filter out elliptical motion. Thus the motion that is in phase in the radial and vertical directions over a time equal to about i cycle of the expected signal is amplified and the motion that is 90 ø out of phase during this time is attenuated. Such a filter is effective insofar as the noise is predominantly made up of Rayleigh waves and the primary P motion, or initial part of a 'P coda,' is rectilinear. It is assumed that the remainder, or tail of the coda, is superposed P, SV, and Rayleigh motion. These assumptions appear to be valid, at least to a. degree, for most of ttie sites tested.
Analytically, the Reinode filter function may be described in terms of the even part of the cross correlation between the radial and vertical components of motion. Such a function, when used as a filter, will selectively attenuate outof-phase motion on the two traces and will pass in-phase motion. The actual correlation function used is computed over a short time window of width 2T centered at a reference time to. This correlation function is then used as the filter appropriate to the time to. The filter is changed by recomputation of the correlation function as to increases, so that the filter varies with the time to. The analytical details are given by Sax and Mims [1965] and, for this specific filter, by Archambeau and Flinn [1965] . Figure 2 shows two especially good examples of the signal-to-noise enhancement and phase isolation capability of the filter. The event shown is Salmon, and the stations are in the 20 ø distance range. As might be expected, several clear P arrivals have been isolated and presumably correspond to multiple branches of the travel-time curve.
Of the stations processed in this study, roughly 30% gave outputs with S/N enhancement and phase isolation comparable to the examples shown. The most common failing in the remaining processed records, aside from oc-
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casional reductions in the over-all S/N enhancement feature of the process, was the absence of a clearly isolated P• arrival in the zone where the S/N ratio for P• was low. This apparent lack of sensitivity may be due to the manner of data presentation (i.e., the scaling of the plotted filter output), but it may indicate a threshold of S/N for detectability--at least with this particular filter. The precise threshold limits are observed to vary from location to Iocation, however, so that one must conclude that the character of the noise and signal, but especially of the noise, determines to a great extent the sensitivity of the filter to smallamplitude rectilinear signals. TWO passes through the filter provide optimum noise reduction and in this case give two arrivals at approximately the times predicted for P and PcP. No other pulse besides these two, or in fact motion of any sort, was observed on the second-pass Remode trace during the 4-minute sample. It seems reasonable to conclude that these pulses result from the arrival of signals from Salmon.
The actual shape of the pulse passed by the filter is likely to be quite distorted, especially when the S/N ratio is low, since, in addition to distortions introduced by the filter itself, the sum of the noise and signal is admitted, inasmuch as the filter acts somewhat like a gate.
Hence this filter provides information on the time of first motion and the interval of rectilineartry for a phase but little highly reliable information on the pulse shape. Indeed, one might expect the signal as admitted by a Remode filter to look much like a section of the noise when the S/N ratio is low. This appears to be the case for the Oslo array, although the true shape of the pulse is unknown.
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- points in the time-frequency plane, and the maximums of these arrivals at a given quency are circled. As this illustration shows, the body phase dispersion is very small, as expected, and this has been consistently observed. The spectrums obtained from the envelope maximums therefore satisfy the criterion that they represent energy arriving with the expected (and predicted) small dispersion.
INTERPRETATION OF P WAVE AMPLITUDE SPECTRUMS AND TRAVEL TIMES
Figures 6 and 7 show examples of the P wave spectrums at a few distances along the northwest profile. The spectrums have been corrected for instrument response and should provide an accurate estimate of the direct P wave ground displacement with minimum contamination from reverberation effects. The change in spectrums of the examples shown is due, in part, to differences in wave type--that is, P, compared with P--as well as from distance effects on the amplitudes. In particular, Figure 6 shows P• spectrums at a distance range where P• is yet the first arrival, whereas other examples correspond to direct P arrivals. It is clear that the maximum amplitude for P waves shifts to longer periods with increasing distance because of the roughly linear increase in attenuation with frequency. The observed attenuation will, of course, be affected by the variation of the dissipation function with depth in the earth [e.g., Anderson and Archambeau, 1964] , so that the attenuation will be dependent on the actual minimum time path followed by the phase. This effect would be of second order, however, compared with the much larger amplitude effects associated with the velocity variations with depth, particularly with velocity reversals and rapid or discontinuous changes in velocity.
A comparison of amplitude with distance at particular frequencies is given in Figure 8 Il= DISTANCE (km) involves assumptions of Poisson's ratio. Thus, in view of the essential agreement between continental and oceanic dispersion for periods beyond about 50 sec, the model agrees with continental long-period surface wave dispersion.
Although the structure has been checked and perturbed somewhat for consistency with the observed P phases, no particular effort has been made to adjust the fi• to the P• and other body phase data except in an approximate manner. For this reason, the structure shown should be regarded as a preliminary fit, which must be adjusted to account more fully for P•, the refiected P phases, and the finer details of the direct P phases. The crustal section used here also corresponds to an average crust, which, for a finer fit, would have to be replaced by the crustal section appropriate to the particular region or regions involved in the travel-time profile. Initial models of the crust and upper mantle would come from the inversion of the shorterperiod (10 to 50 sec) surface wave dispersion data. These data will be considered in a separate study.
A perturbation theory for the inversion of body wave data of the kind obtained in the present study is described by Archambeau and Flinn [1966] . In the present study the procedure was used only as an aid in modifying the structure because the inversion coefiqcients derived theoretically in the latter study predicted the way in which the structure should be modi- At distances less than 1300 km, P• is the first arrival, and the amplitude-distance spectrums indicate a rapid fall-off with distance for the P• energy at 0.7 cps. On the other hand, the energy at higher frequencies, although lower in amplitude, shows no such large slope. This would seem to delimit the thickness of the upper mantle high-velocity lid between the low-velocity zone and the M discontinuity, since the longer-period energy could be considered to leak into the low-velocity zone whereas that at shorter periods would not be nearly so much affected. However, the amplitude-distance spectrums in the epicentral range in question do not provide a dense enough distance coverage to enable us to draw very definite conclusions. The extension of P• to 1300 km, and beyond that to at least 1600 km as a second arrival, must imply a fairly thick high-velocity region above the low-velocity zone, as was pointed out by Lehmann [1964] ; otherwise P• would attenuate far too rapidly with distance to be observed even by a sensitive filter technique. In the extreme case, P• could not exist at all. In view of the present data, this mantle high-velocity section need not be extremely thick, of the order of 15 km [Lehmann, 1964] , but it is probably thicker than is indicated in Figure 14 . Figure 14 . The observed travel times suggest that the multiplicity is a triplieation, the P• branch joining the retrograde P• branch to form a cusp. The forward cusp has very large amplitudes associated with it and is undoubtedly a caustic. Although the only direct evidence is the relative amplitude estimates for the arrivals at the relevant stations, it appears that the more distant cusp is also a caustic. This implies that the variation of the velocity gradient and the velocity itself are both continuous, since otherwise both cusps could not be caustics. Such a conclusion, however, is only tentative in view of the need for many more observations of both travel time and amplitude and the lack of detailed estimates of spectrums for the later arrivals near the more distant cusp. If the second cusp is not a caustic, the velocity gradient changes discontinuously at a depth near 330 km rather than continuously. On the other hand, if neither cusp was a caustic, a discontinuous jump in velocity would be implied [Bullen, 1961] . In view of the amplitude-distance spectral peak in the zone near the forward cusp, this latter velocity structure seems unlikely.
The details of the amplitude-distance spectrums in Figure 8 The possibility that P• is late at distances beyond about 1700 km on the northwest profile does, however, suggest that P• is present and was detected beyond 1600 km but that the whole P• curve was shifted by about 3 sec to later times. The delay could then be attributed to a crustal thickening under the Rocky Mountains and a simultaneous deepening and extension of the low-velocity zone. Again, more data are necessary in order to test the hypothesis.
Such considerations naturally bring us to a comparison of the observations between the profiles. Since the north profile coverage was so sparse, it was combined with the northeast profile. Even so, the total number of stations used was small, so that conclusions concerning structure and the very nature of the travel-time curves are much more tentative than for the previous profile.
In general, the north-northeast profile appears to be similar to the northwest profile. There are, however, several differences that can be summarized as follows' 1. The P• velocity is slightly higher on the north-northeast profile than on the northwest profile.
2. The duplication in the travel-time curve associated with the low-velocity zone is not so well defined, and it appears to be less pronounced. This would imply a smaller velocity decrease and a shallower bottom to the lowvelocity zone. A similar conclusion is also suggested by the surface wave dispersion data obtained.
3. Observations of P• out to 1900 km, and again on either side of the transition to P2 at 2165 km, indicate that P• can be detected over its entire range of existence. They also suggest either that the amplitudes of P• along the northwest profile were relatively small or that the P• times were all delayed beyond about 1600 km from the source. In either case, structural differences beginning at the bottom of the low-velocity zone are implied.
4. The triplication in the travel-time curve is quite well defined and does not differ significantly from that observed for the northwest profile.
Average travel-time curves for all profiles are given in Figure 11 . The figure also shows the consistency of the phases isolated by the special filter used in this study.
Comparison of the travel times with the Jeffreys-Bullen (J-B) travel times for all profiles and stations shows that the J-B times are averages between the two arrivals in the region of the P wave duplication. They are consequently late compared with P•. They also represent averages for the two branches of P• on the triplication. Thus P• appears to be ignored, and when present with sufficient amplitude or when not too close in time to the P•. arrivals, as is the case on the north and northeast profiles, will provide early first-arrival observations. This, of course, is the case on the north and northeast profiles, but in the west, Px is late or has small amplitude, or both, so that the J-B times tend to agree quite closely with the observed first-arrival times. In all cases the J-B times agree closely with the travel-time curves given here for regions where the curves are single valued.
INFERENCE OF SOURCE PROPERTIES AND STRUCTURE FROM BODY' WAVE RADIATION PATTERNS
The amplitude spectrums discussed in the preceding section may also be used in estimating the symmetry of the source radiation pattern. Ideally, spectrums of P•, P•, and P, should be obtained over their entire range of observation. In this way, a greater distance range could be covered for each phase.
In this preliminary study of the radiation patterns, only first arrivals are used, and the P, and P data (P• and P2 phases) are combined. However, it is easy to envision the separate P and P• patterns from the contour diagrams given. Figure 15 shows the radiation pattern in Thus the P wave radiation pattern would not normally be expected to show the effects of tectonic release. In view of the surface wave evidence, however, it seems unlikely that tectonic release of any magnitude occurred with the Salmon event and that all perturbations in the amplitudes of the body phases are associated with regional structural variations.
In addition to the evidence from the teleseimic radiation field, the near-source field shows the spherical symmetry to be expected from a purely compressional point source [Springer, 1966] . In view of the agreement between the near-and far-field observations, we conclude that near-source inhomogeneities, which could scatter the primary energy from the source into anomalous SH radiation, for example, were absent or at least not strong enough to result in any appreciable energy conversion. In addition, the near-source observations of the first-motion compressional field, by themselves, suggest the absence of any tectonic release. However, as was previously pointed out, variation in the direct P wave field due to tectonic release would probably be small, so that observations of the shear field would also be necessary in order to conclude, definitely, that tectonic release did not occur.
DISCUSSION AND CONCLUSIONS
The principal practical difiqculty in studies of this nature has been with the isolation or separation of body phases from noise and undesired signal. To some extent, the special filter used here has reduced this difiqculty, but it is still necessary to correlate the filtered output with the original time series in order to select distinct body phases. The time information provided by the filtered seismograms--that is, the time of arrival of a given phase and the duration of the rectilinear motion--was also used as input lo an automated spectrum analysis program, which then gave amplitude data for the body phases. The whole analysis process provided considerable information concerning the distant P wave field and is considered quite reliable when used with the original time series data.
The amplitude-time information was interpreted in terms of the source properties and the elastic properties of the medium. In particular, the lack of Love wave radiation, the symmetry of the Rayleigh wave radiation, and, from independent work by Springer and W. R. tIurdlow [Springer, 1966] , the near-field first-arrival P wave symmetry all indicate a seismic source mechanism corresponding to a compressional point source. As such, the source is ideal for the interpretation of the travel times and amplitude spectrums of P phases, since source effects do not seriously complicate the interpretation in terms of structure. Thus the variation of P wave amplitude with distance and azimuth is interpreted in terms of the structural characteristics of the medium and may be corre- 
